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Conservation of Intramembrane Proteolytic Activity
and Substrate Specificity in Prokaryotic
and Eukaryotic Rhomboids
recently, and their functions are understood in only a
limited number of organisms and contexts.
Rhomboid-1 [8] is a recently identified intramembrane
serine protease [1] responsible for initiating Drosophila
epidermal growth factor receptor (EGFR) signaling [9].
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United Kingdom Activation of this pathway in Drosophila is regulated by
the selective proteolytic activation of the three trans-
membrane EGFR ligand precursors, Spitz, Keren, and
Gurken [1, 10–13]. In their transmembrane forms, theseSummary
ligands are inactive, being confined to the endoplasmic
reticulum (ER). In the signal-sending cell, the transmem-Rhomboid is an intramembrane serine protease re-
brane protein Star exports the ligands from the ER tosponsible for the proteolytic activation of Drosophila
the Golgi apparatus [10, 13, 14], where they are cleavedepidermal growth factor receptor (EGFR) ligands [1].
by Rhomboid intramembrane serine proteases [1, 13].Although nothing is known about the function of the
This cleavage releases the EGF ligand domains for sub-100 currently known rhomboid genes conserved
sequent secretion as active signals for other cells. Al-throughout evolution, a recent analysis suggests that a
though many growth factors are activated by proteolyticRhomboid from the pathogenic bacterium Providencia
release [15], the Rhomboid protease active site liesstuartii is involved in the production of a quorum-sens-
within the membrane bilayer, and the activating cleav-ing factor [2]. This suggests that an intercellular signal-
age occurs within the ligand transmembrane domaining mechanism may have been conserved between
(TMD) [1]. This is the first instance of growth factor re-prokaryotes and metazoans [3]. However, the function
lease by intramembrane proteolysis and thus defines aof prokaryotic Rhomboids is unknown. We have exam-
new signal-activation pathway.ined the ability of eight prokaryotic Rhomboids to
Although the role of Rhomboids in regulating Dro-cleave the three Drosophila EGFR ligands. Despite
sophila EGFR signaling is clear, this signaling pathwaytheir striking sequence divergence, Rhomboids from
is restricted to metazoans, whereas rhomboid genesone Gram-positive and four Gram-negative species,
form a large family with100 currently known membersincluding Providencia, specifically cleaved Drosophila
conserved throughout evolution from archaea to bacte-substrates, but not similar proteins such as Trans-
ria, yeast, plants, and animals including humans [16,forming Growth Factor  (TGF) and Delta. Although
17]. Despite their ubiquity, the function of rhomboidsthe sequence similarity between these divergent
has only been studied in one other organism. The humanRhomboids is very limited, all contain the putative ser-
pathogenic bacterium Providencia stuartii monitors itsine catalytic triad residues, and their specific mutation
population size by secreting a factor that accumulatesabolished protease activity. Therefore, despite low
and regulates gene expression, including virulenceoverall homology, the Rhomboids are a family of an-
genes, at higher population densities [18]. Remarkably,cient, functionally conserved intramembrane serine
the bacterial Rhomboid homolog AarA was isolated inproteases, some of which also have conserved sub-
a screen for factors involved in the activation or produc-strate specificity. Moreover, a function for Rhomboids
tion of this signal [2]. The signal is not yet characterized,in activating intercellular signaling appears to have
but there is evidence that it may be a small peptide,evolved early.
which would be unusual for a Gram-negative bacterium
[18]. Although the superficial parallels with Drosophila
Results and Discussion EGFR ligand activation are therefore intriguing [3], nei-
ther the activation of this signal nor the molecular func-
Intercellular communication is fundamental in coordi- tion of AarA has been defined.
nating processes in cell populations. In metazoans, in- To address whether the Drosophila and Providencia
tercellular signaling guides the development of body Rhomboids share a similar proteolytic role in activating
organs and tissues during embryogenesis [4] and con- signals, we tested the ability of the Providencia Rhom-
trols many aspects of homeostasis in adults. Similar boid AarA to cleave the three Drosophila transmem-
signaling also operates in prokaryotes and controls di- brane ligands Spitz, Keren, and Gurken in a mammalian
verse processes including responses to changing popu- cell transfection assay [1, 10, 13]. This mechanistic ap-
lation sizes, mating, conjugation, and sporulation [5]. proach was chosen since both the function and the
Cell signaling must, therefore, be precisely regulated natural targets of this Rhomboid are currently unknown.
to achieve these tasks. The regulated intramembrane Despite the striking sequence divergence between Pro-
proteolysis of many proteins is one widespread mecha- videncia and Drosophila Rhomboids (Figure 1), all three
nism for activating cell signaling in prokaryotes and eu- ligands were cleaved by AarA (Figure 2); a truncated
karyotes [6, 7]. However, the intramembrane proteases form of each ligand was evident in cells in the presence
responsible for this regulation have been isolated only of AarA, and this cleaved form was also detected as a
secreted product in the cell culture media. Importantly,
secretion of cleaved Drosophila EGFR ligands is depen-1Correspondence: mf1@mrc-lmb.cam.ac.uk
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Figure 1. Sequence Analysis of Eight Prokaryotic Rhomboid Proteins
A multiple sequence alignment of the Rhomboid sequences showing only the N-terminal six predicted TMDs; the hydrophilic N and C termini,
as well as the seventh TMD, are very variable and do not show any significant similarity. The TMDs were predicted by the TMHMM algorithm,
and their approximate locations are denoted by black lines. The individual prokaryotic Rhomboids are strikingly divergent in sequence from
Drosophila Rhomboid-1 and show between 14% and 22% sequence identity. The sequence identity common to all Rhomboids, illustrated
by black shading (when 80% are identical, and gray shading when 80% are similar), is much lower, around 6%. The putative catalytic triad
residues N (TMD II), S (TMD IV), and H (TMD VI) [1] are indicates by asterisks. Significant sequence conservation also occurs around these
three catalytic residues. Note the series of conserved residues near the catalytic N that occur at times as a helical repeat. Although Rhomboids
contain two conserved histidines in this region, these are not required for Rhomboid-1 activity [1], and the cleavage of all substrates by all
Rhomboids tested was resistant to Batimastat, proving that Rhomboids are not metalloproteases. Also note the GxSG serine protease motif
surrounding the active serine. The conserved glycine residues, especially the GxxxG motif near the catalytic H, may be important for TM helix
conformation and association [1].
dent on where the cleavage takes place in the secretory Spitz, Keren, and Gurken, while the T. maritima Rhom-
boid could only cleave Keren, albeit inefficiently (Figurespathway, with ER-cleaved ligands being refractory to
secretion [13]. This may account for the lower amounts 3A–3C). The amounts of cleaved products that were
detected in the culture media were low for most bacterialof cleaved ligands detected as secreted products for
bacterial Rhomboids compared to the high amounts of Rhomboids, perhaps due to the cleavage taking place
in the ER [13]. However, the activity of the B. subtiliscleavage observed in cells (Figures 2 and 3). In fact, the
proteolytic activity of AarA against Gurken was surpris- YqgP Rhomboid was comparable to Drosophila Rhom-
boid-1 in the cleavage and secretion of all three ligands.ingly high since it completely converted the intracellular
form of Gurken into the cleaved product, and reducing These results strongly suggest that a total of five of
the eight divergent prokaryotic Rhomboids tested areAarA levels by 100-fold still resulted in Gurken cleavage
(Figure 2D). These observations suggest that the Pro- intramembrane proteases. The other B. subtilis Rhom-
boid (YdcA), as well as the Rhomboids from the othervidencia AarA protein is an intramembrane protease that
activates Providencia signaling through a proteolytic two thermophilic prokaryotes, displayed no detectable
activity against the three Drosophila ligands.mechanism similar to Drosophila EGFR ligand acti-
vation. Drosophila Rhomboid-1 uses a serine protease-like
catalytic triad formed by asparagine, serine, and histi-There are many prokaryotic genes related to the meta-
zoan rhomboids [16, 17], but their level of similarity is dine to cleave EGFR ligands [1]. Despite the overall low
sequence similarity of the bacterial Rhomboids com-low and their function has not yet been addressed. To
determine whether other prokaryotic rhomboid-like pared to Drosophila Rhomboid-1 (Figure 1), all possess
the transmembrane residues that we have predicted togenes in addition to AarA are also proteolytic enzymes,
we cloned and analyzed an additional seven rhomboid form this putative catalytic triad of the protease active
site. Consistent with this hypothesis, mutation of thehomologs from a variety of bacterial and archaeal species.
These included Rhomboids from the Gram-negative bac- serine and histidine residues of the catalytic triad singly
to alanine in each bacterial Rhomboid completely abol-teria Escherichia coli and Pseudomonas aeruginosa, both
Rhomboids from the Gram-positive bacterium Bacillus ished ligand cleavage, even when tested against cleav-
ing the intracellular form of Gurken, the most efficientsubtilis, and Rhomboids from the extremely thermo-
philic bacteria Aquifex aeolicus, Thermotoga maritima, substrate (Figure 4). Although the asparagine mutations
abolished cleavage of Gurken by most Rhomboids, theand Pyrococcus horikoshii, a thermophilic archeon. Al-
though these prokaryotic Rhomboids show remarkably asparagine mutant of Rhomboid-1 retained residual ac-
tivity, while the B. subtilis YqgP Rhomboid displayedlow sequence homology with Drosophila Rhomboid-1
(Figure 1), the E. coli GlpG, P. aeruginosa, and B. subtilis strong but reduced activity. This is consistent with the
less important role of the asparagine residue comparedYqgP Rhomboids were able to catalyze cleavage of
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Figure 2. Proteolytic Activity of the Providencia stuartii Rhomboid
AarA
(A–C) Cells were cotransfected with each ligand/Rhomboid combi-
nation, and the fate of the ligands was followed by Western analysis.
Figure 3. Proteolytic Activity of Eight Prokaryotic RhomboidsCleavage of (A) Spitz, (B) Keren, and (C) Gurken by AarA are shown.
Tested against the Three Drosophila EGFR LigandsAll experiments were performed with Star (except where noted) and
(A–C) Prokaryotic Rhomboids and Drosophila Rhomboid-1 werewere performed in the presence of 20 M Batimastat, a potent
tested for their ability to cleave (A) Spitz, (B) Keren, and (C) Gurkenmetalloprotease inhibitor, to reduce shedding of these ligands by
in the presence of Star. In all cases, the uncleaved form (large arrow)nonspecific cellular enzymes [1, 10]. The uncleaved form (large
and the cleaved form (small arrow) of each ligand are highlighted.arrow) and the cleaved form (small arrow) are denoted for each
The uncleaved form of Spitz is hypergylcosylated as it passesligand, and the approximate location of size standards is shown.
through the Golgi apparatus [10, 13] and thus migrates as a diffuseNote that the uncleaved form of Spitz is hypergylcosylated as it
band above the uncleaved form designated by the large arrow. Notepasses through the Golgi apparatus [10, 13] and thus appears as a
that secretion of cleaved Spitz, Keren, and Gurken is dependent ondiffuse band above the uncleaved form designated by the large
where the cleavage event takes place in the cell [13], and this mayarrow. Although secretion of Keren was often weak, it was readily
account for the generally poor secretion of most ligands cleaveddetected under more sensitive conditions (see Figure 3B).
by bacterial Rhomboids. All assays were performed in the presence(D) AarA and Rhomboid-1 levels were titrated in cells by reducing
of 20 M Batimastat. Although the E. coli Rhomboid displayed weakthe amount of DNA encoding each Rhomboid while maintaining the
activity against Keren when compared to other Rhomboids, thistotal amount of DNA at a constant level, as in [1, 13]. Even when
cleavage was readily detected under more sensitive conditions (seeAarA levels were reduced 100-fold (from 250 ng in [C] to 2.5 ng),
inset in [B]). The T. maritima Rhomboid could only cleave Keren.Gurken cleavage was still observed.
Legend: Drosophila melanogaster Rhomboid-1 (D.m.); Rhomboids
from the Gram-negative bacteria Providencia stuartii (P.s.), Esche-
richia coli (E.c.), and Pseudomonas aeruginosa (P.a.); the two Rhom-to the serine and histidine residues in the catalytic triad
boids from the Gram-positive bacterium Bacillus subtilis, YdcA (B.s.of many proteases [19–21], including a human Rhom-
A) and YqgP (B.s. P); and Rhomboids from the extreme thermophilesboid [1]. These results provide strong evidence that
Thermotoga maritima (T.m.), Aquifex aeolicus (A.a.), and Pyrococ-
strikingly divergent bacterial Rhomboids are indeed cus horikoshii (P.h.).
functionally conserved intramembrane proteases of the
serine mechanistic class.
Cleavage of the Drosophila ligands by such divergent boids could not cleave either TGF or Delta (Figure 5),
and this suggests that the cleavage of the DrosophilaRhomboids as those from bacteria is unexpected and
could either be due to nonspecific proteolytic activity ligands was specific and may be due to similar substrate
recognition properties of these divergent Rhomboids.by these Rhomboids or to conservation of substrate
specificity between Drosophila and bacterial Rhom- Consistent with this hypothesis, replacing only the TM
and luminal juxtamembrane residues in TGFwith thoseboids. To help distinguish between these alternatives,
we tested the ability of the prokaryotic Rhomboids to from Spitz specifically converted TGF into an efficient
substrate for Rhomboids (Figure 5C), and this conver-cleave two other type I membrane proteins that contain
EGF domains: Transforming Growth Factor  (TGF), sion suggests that the bacterial Rhomboids and Dro-
sophila Rhomboid-1 recognize the same region of Spitzthe mammalian homolog of Spitz, Keren and Gurken,
and the Drosophila Notch receptor ligand Delta. Like [10]. In contrast to most of the active bacterial Rhom-
boids, the P. aeruginosa Rhomboid consistently causedDrosophila Rhomboid-1, most of the prokaryotic Rhom-
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Figure 4. Mutagenesis of Putative Catalytic Triad Residues of Bac-
terial Rhomboids
The conserved asparagine (N), serine (S), and histidine (H) residues
hypothesized to form the catalytic triad of each active bacterial
Rhomboid protease were individually mutated to alanine. The effect
of these mutations on the intracellular cleavage of Gurken, which
is the most efficient situation for detecting proteolysis by all Rhom-
boids tested [13], is shown. The uncleaved forms of Gurken are
labeled by large arrows, while the cleaved forms are denoted by
small arrows. Note that the asparagine mutants of both Drosophila
and B. subtilis Rhomboids retain some activity. Legend: Drosophila
melanogaster Rhomboid-1 (D.m.); Rhomboids from the Gram-nega-
tive bacteria Providencia stuartii (P.s.), Escherichia coli (E.c.), and
Pseudomonas aeruginosa (P.a.); and the YqgP Rhomboid from the Figure 5. Substrate Specificity of Prokaryotic Rhomboids Assessed
Gram-positive bacterium Bacillus subtilis (B.s.). by Their Ability to Cleave the Transmembrane Ligands TGF, Delta,
and a TGF-Spitz Chimera
(A–C) All prokaryotic Rhomboids were tested for their ability to
the appearance of a truncated and secreted form of cleave (A) TGF, (B) Delta, and a (C) TGF chimera that contained
the Spitz TMD and about 20 juxtamembrane residues (junction atTGF, and a truncated form of Delta in cells, suggesting
the last cysteine of the EGF domain). All assays were performed inthat this bacterial Rhomboid may be a protease with
the presence of 20 M Batimastat, except for the assay depictedreduced substrate specificity.
in the first (left-most) lane, where its absence served as a positive
In conclusion, the ability of five divergent Rhomboids control for the proteolytic release of these ligands by cellular metal-
to cleave Drosophila EGFR ligands implies that the loproteases (MP). Note that the P.a. Rhomboid caused the appear-
Rhomboids are a family of ancient proteases that have ance of a smaller form of both TGF and Delta ligands in cells and
of TGF in cell culture media, although the size of these cleavagebeen functionally conserved throughout evolution. The
products was unexpected compared to the processing of theselow sequence similarity and variability in domain struc-
ligands by cellular proteases (perhaps due to altered posttransla-ture of the active Rhomboids further helps to define the
tional processing). Cleavage of the TGF-Spitz chimera also allowed
requirements for a functional Rhomboid protease: in a more accurate and consistent comparison of the amounts of
addition to the invariant catalytic triad residues, signifi- cleaved ligand detected in media since this chimera was secreted
cant sequence identity is clustered around these resi- efficiently even when cleaved in the ER (for example, by Rhom-
boid-1 targeted to the ER by using the KDEL retrieval sequencedues (see Figure 1). Furthermore, all of the previously
[1, 13]). Legend: Drosophila melanogaster Rhomboid-1 (D.m.) andtested Rhomboids that could cleave Spitz contain a
Rhomboid-1-KDEL (D.m. ER); Rhomboids from the Gram-negativeGASG motif surrounding the active serine, while a GGSG
bacteria Providencia stuartii (P.s.), Escherichia coli (E.c.), and Pseu-
Rhomboid displayed no activity against Spitz [1], sug- domonas aeruginosa (P.a.); the two Rhomboids from the Gram-
gesting that differences in this motif might affect sub- positive bacterium Bacillus subtilis, YdcA (B.s. A) and YqgP (B.s.
strate choice. Analysis of bacterial Rhomboids suggests P); and Rhomboids from the extremely thermophilic organisms Ther-
motoga maritima (T.m.), Aquifex aeolicus (A.a.), and Pyrococcusthat this is not the case: the Rhomboids from Escherichia
horikoshii (P.h.).and Pseudomonas contain a prokaryote-specific GLSG
motif, yet they are active against all three Drosophila
ligands. Therefore, the residue in the second position (which have the same orientation in the bilayer), and a
luminal/extracellular loop between TMDs 1 and 2. Theof the GxSG motif is not absolutely constrained to allow
cleavage of the Spitz class of substrates. Finally, all other regions, including the cytosolic N terminus, the
seventh TMD, and the C terminus are highly variableRhomboids contain at least six TMDs, with the catalytic
triad residues always occurring on TMDs 2, 4, and 6 and are sometimes absent entirely.
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nosa PA3086 (NP_251776), Bacillus subtilis YdcA (NP_388342) andIt is particularly remarkable that some of these diver-
YqgP (P54493), Thermotoga maritima TM1087 (AAD36164), Aquifexgent Rhomboids are specifically able to recognize and
aeolicus aq_1327 (AAC07308), and Pyrococcus horikoshii PH1497cleave Drosophila targets. This conservation of sub-
(NP_143361). Spitz, Keren, Gurken, TGF, and the TGF-Spitz chi-
strate specificity may be fundamental to the function of mera were tagged with GFP at their N termini as described pre-
this class of Rhomboids and should help find their natu- viously [1, 10, 13]. All mutations were generated by PCR by using the
Quik-Change method (Stratagene) and were verified by sequencing.ral substrates since they may recognize targets similar
to the TMDs of the Drosophila ligands. The inability of the
Ligand Cleavage Assayremaining bacterial Rhomboids to cleave the Drosophila
The ligand cleavage assay has been described in detail previouslysubstrates suggests that they may have different sub-
[1, 10, 13]. Briefly, COS cells were transfected by using Fugene6strate specificities or may be subject to posttranslational
(Roche) with 250 ng of each construct (typically 25–100 ng rhom-
regulation, unlike Drosophila Rhomboid-1. Such a spe- boids), and the total DNA content was adjusted to 1 g. Star was
cialization of function could explain why one Rhomboid cotransfected for the analysis of Spitz, Keren, and Gurken pro-
cessing, but not for TGF, Delta, or TGF-Spitz chimera processing.from B. subtilis (YqgP) was potently active against the
After 24 hr, the media containing transfection reagents was replacedDrosophila substrates, while the other (YdcA) was com-
with serum-free media, and this media was conditioned for thepletely inactive. The apparent inactivity of some prokary-
following 24 hr in the presence or absence of 20 M Batimastat, aotic Rhomboids may also be due to heterologous condi-
potent metalloprotease inhibitor, to reduce shedding of these li-
tions in the mammalian cells used for the cleavage gands by nonspecific cellular enzymes. Ligands were detected in
assay; these Rhomboids may not be expressed, folded, cells and media by Western analysis with anti-GFP polyclonal antise-
rum (kind gift of Rob Arkowitz) or an anti-Delta monoclonal antibodyor inserted into membranes correctly, or, more specifi-
(Hybridoma Bank, C594.9B) and were visualized by enhancedcally, the different membrane characteristics of thermo-
chemiluminescence (Amersham Pharmacia) methods.philes may account for the failure of these Rhomboids
to cleave targets when tested in mammalian cells at
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